Introduction
============

2-Hydroxy-6-pentadecylbenzoic acid ([Figure 1](#f1-ijn-9-653){ref-type="fig"}) is one of the homologues of anacardic acid (AA). It is present in cashew nutshell liquid (CNSL) as a mixture of homologues with constant side-chain length (C15), but with a variable degree of unsaturation. AA has become a compound of interest in recent years due to its anticancer properties. It was shown to inhibit p300, which has histone acetyltransferase activity.[@b1-ijn-9-653] This enzyme is involved in the regulation of the transcription of genes responsible for deoxyribonucleic acid (DNA) damage and repair, so it is a target for epigenetic cancer treatment.[@b2-ijn-9-653] Inhibition of p300 was shown to inhibit the nuclear factor (NF)-κB pathway that regulates cell proliferation, survival, and inflammation.[@b3-ijn-9-653] It was also demonstrated that anacardic acid suppressed vascular endothelial growth factor-driven angiogenesis, resulting in tumor-growth inhibition.[@b4-ijn-9-653] Its activity has been shown on melanoma[@b5-ijn-9-653] and colon, breast, lung, cervical, and kidney cancers.[@b6-ijn-9-653] It can also inhibit the growth of hormone-dependent tumors, by suppressing the activity of androgen[@b7-ijn-9-653] and estrogen[@b8-ijn-9-653] receptors. Due to the amphipathic properties of AA, it can be incorporated easily into the liposome bilayer for the purpose of delivery.

In this study, we loaded preformed AA-containing liposomes with mitoxantrone (MIT). MIT is a synthetic anthracenedione derivative designed in the 1970s as an antitumor drug with lower toxicity than regular anthracyclines (eg, doxorubicin), especially in terms of cardiotoxicity.[@b9-ijn-9-653] The cardiotoxic activity of anthracyclines is mainly related to the generation of reactive oxygen species (ROS). MIT was found to generate less ROS than doxorubicin, and even terminate free radical lipid peroxidation.[@b10-ijn-9-653] Nevertheless, a fraction of patients suffer from late cardiotoxicity after MIT treatment, most probably due to MIT metabolites.[@b11-ijn-9-653] Other side effects include bone marrow suppression, leukopenia, alopecia, infertility, and leukemia.[@b12-ijn-9-653] The exact mechanism of MIT action involves inhibiting DNA and ribonucleic acid synthesis by intercalation and electrostatic interactions with nucleic acids.[@b13-ijn-9-653],[@b14-ijn-9-653] These interactions lead to single- or double-strand breaks. MIT was also shown as an inhibitor of topoisomerase II, an enzyme crucial for DNA replication and repair processes.[@b15-ijn-9-653] The cytotoxicity of MIT is independent of the phase of the cell cycle, so it can be effective against slow-growing tumors.[@b16-ijn-9-653] Free MIT is used in the treatment of various cancers, such as breast cancer, acute nonlymphocytic leukemia, non-Hodgkin's lymphoma,[@b17-ijn-9-653] castration-resistant prostate cancer,[@b18-ijn-9-653] and melanoma.[@b19-ijn-9-653]

We loaded MIT into liposomes modified with AA via a vitamin C gradient. Vitamin C was found to induce a specific toxicity against cancer cells[@b20-ijn-9-653] while having a protective effect on normal cells.[@b21-ijn-9-653] Additionally, vitamin C improved the anticancer properties of some anthracyclines, most notably doxorubicin,[@b22-ijn-9-653] probably in a synergistic manner. Our previous research demonstrated that epirubicin loaded via a vitamin C gradient also has promising anticancer properties against breast cancer, both in vitro and in vivo,[@b23-ijn-9-653] superior to those of epirubicin loaded via an ammonium sulfate (AS) gradient.

Long-circulating liposomes are one of the most widely applied intravenous drug delivery systems. Encapsulated doxorubicin (Doxil®/Caelyx®) yielded better pharmacokinetic parameters and superior anticancer activity,[@b24-ijn-9-653] so we expect to enhance the efficacy of MIT in a similar way. However, only a few liposomal formulations of MIT have been proposed so far,[@b25-ijn-9-653]--[@b27-ijn-9-653] and their clinical application is limited.

In our research, we intended preliminarily to study the influence of AA on the basic parameters of liposomes loaded with MIT via a vitamin C gradient, such as the size and zeta potential of vesicles, optimal drug-to-lipid ratio, loading time, and temperature. We also examined the storage stability of the formulation and drug release in human plasma. Most importantly, we assessed the effects of AA and vitamin C combined with MIT on the proliferation of melanoma and normal cells. To the best of our knowledge, this is the first reported case of an anticancer drug encapsulated in liposomes containing AA.

Materials and methods
=====================

Materials
---------

Hydrogenated soy phosphatidylcholine (HSPC), 1,2-distearoyl-*sn*-glycero-phosphoethanolamine-*N-*(poly\[ethylene glycol\]2000) (DSPE-PEG~2000~) and cholesterol (CHOL) were purchased from Northern Lipids (Vancouver, BC, Canada). CNSL was obtained from Sandor Cashew (Delhi, India). Sodium dihydrogen phosphate, disodium hydrogen phosphate, sodium chloride, ascorbic acid, and ammonium hydroxide were purchased from Avantor Performance Materials (Gliwice, Poland). Sephadex G-50 fine and Sepharose CL-4B were obtained from Sigma-Aldrich (St Louis, MO, USA). MIT hydrochloride was a gift from the Pharmaceutical Research Institute (Warsaw, Poland). All the other reagents were of analytical grade.

Anacardic acid extraction and hydrogenation
-------------------------------------------

AA was extracted using a method based on AA forming an insoluble salt with lead (II) hydroxide. Briefly, 10 g natural CNSL was dissolved in 80 mL methanol and stirred at 56°C for 1 hour with 3.8 g freshly prepared lead (II) hydroxide. At this point, the AA salt formed a precipitate, and the other components of CNSL remained in solution. The precipitate was washed with ethanol and dissolved in 1.3 M HCl.

AA was then extracted with ethyl acetate, dried, and dissolved in methanol to allow the hydrogenation of unsaturated bonds in the aliphatic side chain of AA. The dissolution used 50 mL methanol, then 10 mL hydrazine and 15 mL hydrogen peroxide were added. The hydrogenation was conducted at 50°C overnight with continuous stirring. After the reaction, the pH of the solution was adjusted to 5.5 with HCl, and AA was extracted with chloroform, dried under low pressure, and freeze-dried from cyclohexane. The purity of the hydrogenated AA was confirmed via high-performance liquid chromatography with the following parameters: mobile phase -- methanol:water (85:15); flow rate − 1.75 mL/minute; and injection volume − 25 μL. The structure of isolated AA was confirmed by mass spectrometry and nuclear magnetic resonance analyses.

Preparation of liposomes
------------------------

Liposomes were prepared by lipid hydration, a freeze-and-thaw procedure, and extrusion through polycarbonate filters.[@b28-ijn-9-653] Chloroform stock solutions of lipids (HSPC, CHOL, DSPE-PEG~2000~, and AA) were prepared. Appropriate volumes were then transferred to borosilicate glass tubes to obtain the molar ratios of lipids shown in [Table 1](#t1-ijn-9-653){ref-type="table"}. Chloroform was evaporated under gas nitrogen, and the resulting thin lipid film was dissolved in cyclohexane with 0.1% (v/v) methanol. The mixture was subsequently frozen in liquid nitrogen and freeze-dried overnight at low pressure using a Savant Modulyo apparatus (Thermo Fisher Scientific, Waltham, MA, USA).

The lipids were then hydrated with 300 mM ammonium ascorbate (pH 4.0) or 300 mM ammonium sulfate, as indicated. The hydration process was conducted in a water bath at 65°C. The resulting multilamellar vesicles were subjected to ten cycles of freezing in liquid nitrogen and thawing in a water bath at 65°C.

After the freeze-and-thaw procedure, the liposomes were extruded ten times through Nucleopore polycarbonate filters with pore size of 100 nm on a Thermobarrel Extruder (PPHU Marker, Wrocław, Poland). The extruder was thermostated to 64°C prior to liposome extrusion. As a result, large unilamellar vesicles were formed. Their size, size distribution, and zeta potential were characterized afterwards.

Preparation of the ion and/or pH gradient for drug encapsulation
----------------------------------------------------------------

The ion and/or pH gradient was subsequently generated by exchanging the extravesicular liposomal solution on Sephadex G-50 (1 × 20 cm) columns equilibrated with phosphate-buffered saline consisting of 20 mM sodium phosphate and 150 mM NaCl (pH 7.4). The lipid concentration was determined in the collected liposomal fractions. MIT hydrochloride solution in 150 mM NaCl (6 mg/mL) was added to the large unilamellar vesicle suspension at drug-to-lipid molar ratios of 0.1, 0.2, 0.25, 0.3, and 0.5 to determine the encapsulation efficiency (EE) at different ratios. In all the other experiments, a drug-to-lipid ratio of 0.2 was used. In order to establish the optimal loading temperature, liposomes were incubated with MIT for 5 minutes at 52°C, 54°C, 56°C, 58°C, and 60°C. To determine the kinetics of drug encapsulation, 50 μL liposomal samples were taken after loading for 2.5, 5, 15, or 60 minutes. If not indicated otherwise, the loading process was conducted at a drug-to-lipid ratio of 0.2 for 5 minutes at 60°C.

Liposome characterization
-------------------------

Liposome size was determined via dynamic light scattering.[@b29-ijn-9-653] Liposomes were diluted to a total lipid concentration of approximately 10 μM in 150 mM NaCl prior to size and zeta-potential measurements. The mean diameter (volume weighting), polydispersity index (PDI), and zeta potential of the prepared liposomes was measured using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The phospholipid concentration was measured using the ammonium ferrothiocyanate assay[@b30-ijn-9-653] on a Shimadzu UV 2401 PC spectrophotometer (Shimadzu, Kyoto, Japan). MIT concentration was measured at *λ*=667 nm on the same spectrophotometer after liposome dissolution in methanol.

Determination of encapsulation efficiency
-----------------------------------------

After remote loading, nonencapsulated drug was separated from MIT-containing liposomes on Sephadex G-50 Fine minicolumns (5.5 × 70 mm) pre-equilibrated with 150 mM NaCl solution. Liposome samples (50 μL) were placed on a column, and free MIT was separated from MIT-containing liposomes. Then, the liposome fraction was collected and the concentrations of lipid and MIT were determined to enable calculation of EE according to the formula:
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where initial D/L means the drug-to-lipid ratio at the point when the drug was mixed with the liposomes.

Long-term stability of liposomal MIT -- preliminary study
---------------------------------------------------------

In order to obtain preliminary information about the shelf life of the AA liposomes loaded with MIT via an ammonium ascorbate gradient at a drug-to-lipid ratio of 0.2, liposomes were stored at 4°C, and at selected times, 100 μL samples were placed on Sephadex G-50 Fine minicolumns (5.5 × 70 mm) pre-equilibrated with 150 mM NaCl solution to separate the liposomal fraction from the released drug. The MIT and lipid concentrations were measured in the collected liposomal fractions, and the resulting drug-to-lipid ratio was compared with the initial value. The liposomes for the experiment were diluted to a lipid concentration of 2 mM with 150 mM NaCl containing 0.1% NaN~3~.

MIT release from liposomes in the presence of human plasma in vitro
-------------------------------------------------------------------

CHOL and AA liposomes containing MIT (drug-to-lipid ratio of 0.2) loaded via ammonium ascorbate gradient were diluted to a total lipid concentration of 4 mM and mixed with fresh human plasma in a 1:1 volume ratio. Liposomes were incubated in a water bath at 37°C. Samples (100 μL) were then taken out at 0, 1, 3, 6, and 24 hours and placed on Sepharose CL 4B minicolumns (5.5 × 70 mm) pre-equilibrated with 150 mM NaCl solution to separate the liposomal fraction from the released drug (free and protein-bound). The MIT and lipid concentrations were measured in the collected liposomal fractions, and the resulting drug-to-lipid ratio was compared with the initial value.

MIT release from liposomes in acidic pH
---------------------------------------

AA liposomes were loaded with MIT (drug-to-lipid ratio of 0.2) via ammonium ascorbate and mixed with 200 mM phosphate buffer (pH 5.0 or 7.4) with 0.1% NaN~3~ in a 1:1 volume ratio and incubated in a water bath at 37°C. The lipid concentration was 2 mM. Samples of 100 μL were then taken out at 0, 1, 3, 6, and 24 hours and placed on Sephadex G-50 Fine mini-columns (5.5 × 70 mm) pre-equilibrated with 150 mM NaCl solution to separate the liposomal fraction from the released drug. CHOL liposomes loaded with MIT (drug-to-lipid ratio of 0.2) via ammonium ascorbate and mixed with 200 mM phosphate buffer (pH 5.0) were treated according to the same procedure as described above. The MIT and lipid concentrations were measured in the collected liposomal fractions, and the resulting drug-to-lipid ratio was compared with the initial value.

Cell culture
------------

Human melanoma cell line A375 (provided by the Laboratory of Cell Pathology, Faculty of Biotechnology, University of Wrocław, Poland) was cultured in Dulbecco's Modified Eagle's Medium (DMEM) culture medium (Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, Wrocław, Poland) supplemented with 4 mM glutamine (Life Technologies, Carlsbad, CA, USA) and 5% fetal bovine serum (Life Technologies). Human melanoma cell line Hs294T (provided by the Institute of Immunology and Experimental Therapy) was cultured in DMEM culture medium (Lonza, Basel, Switzerland) supplemented with 2 mM glutamine (Life Technologies) and 5% fetal bovine serum (Life Technologies). The normal human dermal fibroblast (NHDF; Lonza) cell line was cultured in MEMα culture medium (Lonza) supplemented with 2 mM glutamine (Life Technologies) and 10% fetal bovine serum (Life Technologies). All the media contained 100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL amphotericin B (Lonza). The cells were cultured at 37°C in a humid atmosphere saturated with 5% CO~2~.

Cytotoxicity
------------

Cytotoxicity was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.[@b31-ijn-9-653] A375, Hs294T and NHDF cells were seeded into 96-well culture plates at a density of 10^4^ cells per well and incubated at 37°C in a humid atmosphere saturated with 5% CO~2~. After 24 hours, the medium was changed to serum-free medium that contained serial concentrations of different MIT liposomal formulations (AA and CHOL liposomes with MIT loaded via an ammonium ascorbate gradient, further referred to as vit C AA/CHOL lip MIT; and AA and CHOL liposomes with MIT loaded via an ammonium sulfate gradient, further referred to as AS AA/CHOL lip MIT) or free MIT. The concentration of MIT ranged from 0.2 to 50 μM. Empty CHOL and AA liposomes were added to the wells as a control.

In order to investigate protective effects of ascorbic acid in MIT-treated NHDF cells, three additional formulations were tested: MIT in ascorbic acid solution (concentration similar to the intraliposomal one) and free MIT together with CHOL liposomes loaded with ammonium ascorbate or ammonium sulfate (drug-to-lipid ratio of 0.2).

The MTT test was performed 48 and 72 hours after adding the drug. For this purpose, the medium was carefully removed, and 50 μL of MTT solution was added to each well at a concentration of 0.5 mg/mL in culture medium without serum. Incubation was carried out for 4 hours at 37°C in an atmosphere containing 5% CO~2~. After this time, the medium with MIT or liposomes was removed, and 50 μL of dimethyl sulfoxide was added to each well. The plate was shaken for about 10 minutes to dissolve formazan crystals resulting from the MTT test. The absorbance was detected using an enzyme-linked immunosorbent assay microplate reader at *λ*=570 nm.

Statistical analysis
--------------------

Statistical analysis was performed using the unpaired two-tailed Student's *t*-test, with differences considered significant when the *P*-value was smaller than 0.05.

Results
=======

Liposome characterization
-------------------------

As reported previously,[@b23-ijn-9-653] it is possible to encapsulate such anthracyclines as epirubicin in liposomes containing 300 mM ammonium ascorbate at pH 4.0. The first aim of our study was to test the possibility of MIT encapsulation in liposomes with a transmembrane gradient of ammonium ascorbate.

It was found that it is possible to encapsulate MIT in CHOL liposomes (HSPC:CHOL:DSPE-PEG~2000~) with almost 100% efficiency with high (0.2 molar) drug-to-lipid ratios. The addition of 5% mol AA (AA liposomes) did not affect the EE or liposome size ([Table 2](#t2-ijn-9-653){ref-type="table"}). The zeta potential did not increase after MIT loading (−1.49±0.53 mV in the case of CHOL liposomes, and −4.5±0.47 mV in the case of AA liposomes; zeta potential before loading is given in [Table 2](#t2-ijn-9-653){ref-type="table"}). Higher amounts of AA (from 10% mol up) in the bilayer drastically decreased the EE (data not shown). As a result, all further experiments were focused on liposomes containing 5% AA.

Determination of encapsulation efficiency with different drug-to-lipid ratios
-----------------------------------------------------------------------------

The EE of MIT in AA liposomes was tested. High (\>95%) efficiency can be achieved for a drug-to-lipid molar ratio of up to 0.25, and it gradually decreases with increasing ratios. However, even at a drug-to-lipid ratio of 0.5, the majority (over 75%) of the drug can still be encapsulated. The results of the experiment are given in [Figure 2](#f2-ijn-9-653){ref-type="fig"}.

Determination of the optimal encapsulation temperature of MIT
-------------------------------------------------------------

It is generally acknowledged that the process of anthracycline loading into the liposomes is temperature-dependent, due to the greater bilayer fluidity at the main transition temperature, which facilitates the diffusion of the drug across the membrane. This should be of special importance in the case of MIT, due to the relative hydrophilicity of the drug. The presence of AA in the bilayer could also have an influence on the optimal drug-loading temperature.

For the purpose of the experiment, MIT was incubated with AA liposomes containing 300 mM ammonium ascorbate (pH 4.0) at a drug-to-lipid molar ratio of 0.2 for 5 minutes. It was found that the EE of MIT in AA liposomes increases with the increase in temperature and reaches \>95% at 58°C--60°C ([Figure 3](#f3-ijn-9-653){ref-type="fig"}), as expected based on the results from epirubicin encapsulation.[@b23-ijn-9-653] There was no apparent difference in the optimal loading temperature for AA or CHOL liposomes (data not shown).

Kinetics of MIT encapsulation
-----------------------------

The time required for complete drug loading into AA liposomes was investigated. For the purpose of the experiments, an incubation temperature of 60°C and a drug-to-lipid molar ratio of 0.2 were chosen. Sample aliquots were withdrawn at different time points. No drug was encapsulated at room temperature (time 0). It was found ([Figure 4](#f4-ijn-9-653){ref-type="fig"}) that the process of encapsulation is extremely rapid, with an EE exceeding 95% after 2.5 minutes. After 1 hour, limited drug leakage (lower than 15%) was observed.

Long-term retention of MIT in AA liposomes -- preliminary studies
-----------------------------------------------------------------

In order to assess preliminarily the long-term stability of liposomal MIT, the drug was incubated with AA liposomes at a drug-to-lipid ratio of 0.2 for 5 minutes at 60°C. Liposomes were then diluted to a lipid concentration of 2 mM and stored at 4°C. At selected time points, aliquots (100 μL) were withdrawn and drug retention was measured. The results show that the formulation is stable in storage for at least 6 months and drug-leakage rate is negligible ([Figure 5](#f5-ijn-9-653){ref-type="fig"}). After 6 months in storage, the liposome size was 114±1 nm (PDI 0.073±0.011), while at the beginning of the experiment it was 116±2 nm (PDI 0.027±0.006). No apparent liposome aggregation was detected.

MIT release from AA liposomes in the presence of human plasma in vitro
----------------------------------------------------------------------

In order to determine the influence of human plasma proteins on the stability of liposomes containing MIT encapsulated by an ammonium ascorbate gradient, CHOL liposomes and AA liposomes with MIT were prepared as described in the Materials and methods section. After 24 hours, marginal drug leakage (\<10%) could be observed. The initial release of MIT (\<5%) from AA liposomes could be partially due to the presence of the drug on the outer leaflet of the bilayer ([Figure 6](#f6-ijn-9-653){ref-type="fig"}), where it can be bound electrostatically to negatively charged AA and therefore easily released from the surface by plasma proteins. However, the difference in stability between CHOL and AA liposomes was not significant, so it can be assumed that the presence of AA in the bilayer does not have any negative impact on liposome stability.

MIT release from AA liposomes in acidic pH
------------------------------------------

AA is a weak acid with a pK~a~ of 5.8. It is therefore deprotonated and negatively charged under physiological conditions, such as those found in the circulatory system (pH 7.4). At lower pH, such as that found in endosomes, AA becomes uncharged and can traverse the liposomal bilayer by flip-flop movements much more easily. This could contribute to lower stability and as a consequence a faster drug-release rate from these liposomes in acidic pH. To test this hypothesis, MIT was loaded into AA and CHOL liposomes. Then, AA liposomes were incubated at 37°C and pH 5.0 and drug retention was tested. The values were compared with retention in CHOL liposomes incubated at pH 5.0 and AA liposomes incubated at pH 7.4. These three experiments were conducted in parallel ([Figure 7](#f7-ijn-9-653){ref-type="fig"}).

After 24 hours' incubation, the size of AA liposomes at pH 5.0 was 110±1 nm (PDI 0.063±0.025), and at pH 7.4 the size was 112±1 nm (PDI 0.052±0.003). At the beginning of the experiment, their size was 114±2 nm (PDI 0.028±0.018). Therefore, drug release was not a result of liposome aggregation.

Cytotoxicity towards melanoma cell lines
----------------------------------------

The cytotoxicity of free MIT and liposomal formulations was tested on human melanoma cell lines A375 and Hs294T. The drug was loaded into liposomes via two different gradients: ammonium ascorbate (vit C) and ammonium sulfate (AS). Two lipid compositions were investigated: liposomes with AA (AA lip) and without AA (CHOL lip). The exact composition is given in [Table 1](#t1-ijn-9-653){ref-type="table"}. The liposomes were loaded with MIT where indicated. The amount of living cells was measured by MTT assay 48 hours ([Figures 8A](#f8-ijn-9-653){ref-type="fig"} and [9A](#f9-ijn-9-653){ref-type="fig"}) and 72 hours ([Figures 8B](#f8-ijn-9-653){ref-type="fig"} and [9B](#f9-ijn-9-653){ref-type="fig"}) after the addition of the free drug or liposomes.

Both tested cell lines are sensitive to MIT in a dose-dependent manner to a comparable degree, with Hs294T being less sensitive. Empty AA liposomes (vit C AA lip) show negligible toxicity, which is approximately the same level for both cell lines. The results show that the presence of AA significantly improves cytotoxicity of liposomal MIT loaded via either an ammonium ascorbate or AS gradient. The cytotoxicity of vit C AA lip MIT and AS AA lip MIT is significantly higher than that of vit C CHOL lip MIT and AS CHOL lip MIT, respectively. At higher concentrations and after a longer incubation (72 hours), an additional significant cytotoxic effect of ascorbic acid can be observed, especially with the Hs294T cell line ([Figure 9B](#f9-ijn-9-653){ref-type="fig"}). The difference in cytotoxicity between vit C AA lip MIT and AS AA lip MIT was statistically significant for the entire range of tested concentrations. The patterns observed for 48-hour incubation remain virtually the same for 72-hour incubation.

Cytotoxicity towards a normal cell line
---------------------------------------

Cytotoxicity towards a normal cell line (NHDF) was assessed for liposomal and free MIT. The drug was loaded into liposomes via two different gradients: vit C and AS. Two lipid compositions were investigated: AA lip and CHOL lip. The exact composition is given in [Table 1](#t1-ijn-9-653){ref-type="table"}. The liposomes were loaded with MIT.

The results showed that the cytotoxic activity of liposomal formulations of MIT was lower for formulations loaded with ammonium ascorbate (vit C AA lip MIT and vit C CHOL lip MIT) than for those loaded with AS (AS AA lip MIT and AS CHOL lip MIT). The differences were statistically significant for the entire concentration range, suggesting a protective effect of vitamin C on NHDF. After longer incubation (72 hours), the formulation with AA (vit C AA lip MIT) showed a significantly decreased toxicity compared to the formulation without AA (vit C CHOL lip MIT), suggesting an additional protective mechanism involving AA.

Additional experiments were conducted to confirm the findings suggesting a protective role of vitamin C on NHDF treated with MIT. Cells were incubated with CHOL liposomes loaded with ammonium ascorbate mixed with free MIT (vit C CHOL lip + free MIT), CHOL liposomes loaded with AS mixed with free MIT (AS CHOL lip + free MIT) and free MIT mixed with ammonium ascorbate (vit C free MIT) in a ratio resembling the MIT:vit C ratio inside the liposomes ([Figure 10](#f10-ijn-9-653){ref-type="fig"}). Cell viability was assessed using the MTT assay 48 hours ([Figure 11A](#f11-ijn-9-653){ref-type="fig"}) and 72 hours ([Figure 11B](#f11-ijn-9-653){ref-type="fig"}) after the addition of the drug.

The formulations resulting from mixing free MIT with liposomes (vit C CHOL lip + free MIT, AS CHOL lip + free MIT) were more cytotoxic than the formulations where MIT was encapsulated in the liposomes (vit C CHOL lip MIT, AS CHOL lip MIT). This could be expected based on the fact that free MIT was more cytotoxic than MIT encapsulated in liposomes in all the conducted experiments. At higher concentrations, the toxicity of MIT mixed with vit C CHOL liposomes was significantly lower than the toxicity of MIT mixed with AS CHOL liposomes. The cytotoxic activity was abolished by mixing MIT with high concentration of ammonium ascorbate (vit C free MIT), which confirms the findings regarding the protective role of vitamin C.

Discussion
==========

In this study, we investigated the antineoplastic activity of liposomal MIT loaded via a vitamin C gradient developed in our laboratory[@b23-ijn-9-653] coencapsulated with AA for improved anticancer activity. The method of AA isolation and purification was also developed in our laboratory.

The liposomal formulation of MIT with AA was characterized in terms of basic parameters, such as size and zeta potential, optimal loading time, temperature, and drug-to-lipid ratio. Storage stability at 4°C was studied preliminarily, as was drug release in the presence of human plasma in vitro and at acidic pH. In vitro toxicity studies were conducted using melanoma and normal cell lines.

The ammonium ascorbate gradient proved to be an efficient method for MIT remote loading, as it resulted in high EEs for a drug-to-lipid ratio of up to 0.25. Even at a drug-to-lipid ratio of 0.5, the EE exceeded 75% ([Figure 2](#f2-ijn-9-653){ref-type="fig"}). The loading process was temperature-dependent: the drug could not be encapsulated in room temperature. After 5 minutes' incubation, the EE rose from 80% at 52°C to 100% at 60°C ([Figure 3](#f3-ijn-9-653){ref-type="fig"}). MIT has relatively low hydrophobic properties, so it does not easily permeate the bilayer. The bilayer needs to be heated to a point over the main transition temperature to become more fluid and permeable.

The preliminary studies confirm the stability of MIT encapsulated in liposomes containing AA. After 6 months of storage at 4°C, no drug release was observed ([Figure 5](#f5-ijn-9-653){ref-type="fig"}). No apparent changes in liposome size or PDI were observed after that period, suggesting that no liposome aggregation occurred.

The presence of AA in the bilayer did not have any significant effect on drug retention in 50% human plasma in vitro ([Figure 6](#f6-ijn-9-653){ref-type="fig"}). Drug retention was around 90% in the case of liposomes with or without AA loaded with ammonium ascorbate. The initial release of the drug from AA liposomes (\<5%) was not observed for CHOL liposomes, but could have partially been due to a small amount of the drug being electrostatically bound to negatively charged AA on the outer leaflet of the liposomes. After mixing with the human plasma, those drug molecules were immediately captured by plasma proteins. However, after that initial release, there was no significant further release observed in the remaining 24 hours, suggesting good pharmacokinetic parameters for the investigated formulation.

Currently, novel drug-delivery systems tend to serve more than one function.[@b32-ijn-9-653] The proposed AA liposomes loaded with ammonium ascorbate and MIT could enhance drug intracellular delivery, apart from having the widely acknowledged properties of liposomes, namely a prolonged circulation time and tumor tissue targeting thanks to the enhanced permeability-and-retention effect. As discussed before, AA has a pK~a~ of 5.8, so it is uncharged in the inner leaflet of liposomes (pH 4.0) and negatively charged in the outer leaflet (pH 7.4). It was reported previously that charged fatty acids could not traverse the bilayer by flip-flop movements.[@b33-ijn-9-653] Therefore, under physiological conditions, only one-way movement is possible for AA. However, when the external pH becomes acidified, such as in endosomes, AA becomes uncharged in the outer leaflet and can more easily traverse the bilayer. This could contribute to the decreased stability of AA liposomes at pH 5.0 and the observed drug release of up to 30% after 24 hours' incubation ([Figure 7](#f7-ijn-9-653){ref-type="fig"}). This phenomenon is unlikely to be the result of the release of electrostatically bound drug to the outer surface of liposomes, because if such an amount of drug was bound electrostatically, then drug encapsulation at room temperature would have been higher than 0. The loss of charge on AA in the outer bilayer could also influence membrane curvature and induce defects that promote drug release, as seen in the case of other anionic pH-sensitive liposomes.[@b34-ijn-9-653] AA was also found to dissipate transmembrane gradients,[@b35-ijn-9-653] which could contribute to drug release at acidic pH.

The in vitro cytotoxicity towards melanoma cell lines showed that AA significantly increased the activity of liposomal mitoxantrone at all of the tested concentrations, no matter which gradient was used. One explanation could be the improved intracellular delivery of the drug, as discussed earlier. However, the release rate seems too slow for this to be the only factor contributing to such an increase in cytotoxicity. A possible synergism between AA and MIT could be more important. It should be noted that AA liposomes alone, without MIT, showed only slight inhibition of melanoma cell-line proliferation.

AA is a commonly acknowledged antineoplastic molecule that induces caspase-independent apoptosis[@b36-ijn-9-653] and inhibits the NF-κB pathway.[@b3-ijn-9-653] It is also an epigenetic agent that inhibits histone acetyltransferases (HATs) involved in the regulation of gene expression. One of the proteins from the HAT family, Tip60, is involved in the cell response to genotoxic events, such as strand breaks.[@b37-ijn-9-653] Inhibiting that enzyme impairs DNA-repair systems. AA was found to sensitize cancer cells to genotoxic damage via Tip60 inhibition.[@b38-ijn-9-653] It is known that one of the main mechanisms of action of MIT is to induce DNA damage, and thus AA-mediated impairment of the repair system could contribute to the observed increase in toxicity.

Using an ascorbic acid gradient enhanced cytotoxicity even further when compared with AS-loaded liposomes. Vitamin C was found to improve the activity of several anthracyclines, most notably doxorubicin[@b22-ijn-9-653] by enhancing the ROS-mediated DNA damage caused by that anthracycline. In the case of mitoxantrone, the formation of ROS is limited, so other mechanisms of improved cytotoxicity of MIT loaded via an ammonium ascorbate gradient are more probable. This could be caused by vitamin C-mediated p53 upregulation,[@b39-ijn-9-653] inhibition of cyclooxygenase-2 expression,[@b40-ijn-9-653] and induction of apoptosis, which was demonstrated for the A375 melanoma cell line.[@b20-ijn-9-653]

A distinctly different activity of ascorbic acid was observed with normal fibroblasts (NHDF). The formulations containing MIT loaded via an ammonium ascorbate gradient were significantly less cytotoxic than the formulations with MIT loaded using an AS gradient. It has been reported that ascorbic acid could play a role in cell protection against genotoxic damage, but the exact mechanism of protection remained unclear.[@b21-ijn-9-653] The major postulated mechanism of ascorbic acid protective activity is its role in scavenging ROS,[@b41-ijn-9-653] but this is unlikely to be the main factor that contributes to NHDF protection against MIT, because MIT-mediated ROS production is limited. Duarte et al[@b42-ijn-9-653] recently performed gene-expression profiling in human skin cells treated with ascorbic acid, and found out that such treatment resulted in an increase in the expression of genes involved in cell proliferation and DNA repair. Another study showed that vitamin C could stimulate chemical repair of the DNA.[@b43-ijn-9-653] This could explain the ROS-independent protective mechanism of ascorbic acid in NHDF.

In the case of MIT encapsulated in CHOL liposomes via either gradient and MIT added together with CHOL liposomes ([Figures 10](#f10-ijn-9-653){ref-type="fig"} and [11](#f11-ijn-9-653){ref-type="fig"}), an apparent difference in cytotoxicity could be observed between these two sets of formulations. The latter were more cytotoxic because the drug could freely and independently diffuse across the cell membrane, while the former needed to undergo endocytosis before the drug could exert its intracellular effect.

AA liposomes loaded with MIT via an ammonium ascorbate gradient were significantly less cytotoxic towards NHDF than CHOL liposomes loaded with MIT via this gradient ([Figure 10B](#f10-ijn-9-653){ref-type="fig"}). This may be the result of p300 HAT inhibition by AA. It was shown that cellular stress could lead to matrix metalloproteinase-1 (MMP-1) induction and result in effects such as double-strand breaks of the DNA in human skin fibroblasts.[@b44-ijn-9-653] The same study demonstrated that AA successfully inhibited MMP-1 gene expression and subsequent apoptosis by inhibiting p300 HAT. We suppose that a similar mechanism plays a role in AA-mediated protection of NHDF against the cytotoxic activity of MIT.

Treating cells with MIT combined with a high concentration of ascorbic acid ([Figure 11](#f11-ijn-9-653){ref-type="fig"}) resulted in a pronounced abolition of MIT toxicity. Apart from the protective mechanisms discussed earlier, this could be a result of the antagonistic effect of ascorbic acid at high concentrations, which was observed in the case of some anticancer drugs.[@b45-ijn-9-653] However, the effect of ascorbic acid on neoplastic and normal cell lines and its synergism/antagonism with other drugs remains ambiguous. Further studies are required to elucidate the exact molecular mechanisms of enhancing MIT toxicity in melanoma cell lines while decreasing it in normal skin fibroblasts.

Our new liposomal formulation of MIT is stable and efficient in terms of drug loading. It enhances drug release in acidic pH, and combines a cytotoxic drug with a possibly synergistic epigenetic agent -- AA. Using a vitamin C gradient enhances the cytotoxic activity of the formulation towards cancer cells, and it plays a protective role in the case of normal cells. All these factors combined make it a potentially clinically relevant formulation. This should be confirmed further using in vivo studies.

Conclusion
==========

We have presented the results of a study on a novel liposomal formulation of MIT with AA. Remote loading of MIT driven by an ammonium ascorbate gradient allowed a high amount of drug (drug-to-lipid ratio of up to 0.3, with an EE of \>90%) to be loaded in less than 5 minutes. The formulation was found to be stable in storage (no apparent release after 6 months at 4°C) and in human plasma (retention over 90% after 24 hours' incubation). The liposomes are pH-sensitive, with 30% of the drug being released at pH 5.0 after 24 hours' incubation. The addition of AA enhanced the cytotoxicity of the formulation towards melanoma cell lines. Liposomes with MIT loaded via an ammonium ascorbate gradient proved to be more cytotoxic towards melanoma cell lines at high (10 μM and higher) MIT concentrations than the corresponding liposomes with MIT loaded via an AS gradient. The cytotoxicity studies on NHDF cells demonstrated that vitamin C played a cytoprotective role, decreasing MIT-induced cytotoxicity when compared with liposomes containing AS. All these factors contribute to the possible clinical relevance of MIT loaded via ammonium ascorbate into AA liposomes, but in vivo studies are required in order to confirm these findings.
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![Structure of anacardic acid (C15:0).](ijn-9-653Fig1){#f1-ijn-9-653}

![Mitoxantrone encapsulation efficiency (EE) in anacardic acid liposomes at different drug-to-lipid (D/L) ratios (molar). The incubation was conducted for 5 minutes at 60°C. n=3.](ijn-9-653Fig2){#f2-ijn-9-653}

![The encapsulation efficiency (EE) of mitoxantrone in anacardic acid liposomes depends on the loading temperature. The incubation was conducted for 5 minutes in a drug-to-lipid molar ratio of 0.2. n=3.](ijn-9-653Fig3){#f3-ijn-9-653}

![Kinetics of mitoxantrone encapsulation efficiency (EE) in anacardic acid liposomes. The incubation was conducted at 60°C in a drug-to-lipid molar ratio of 0.2. n=3.](ijn-9-653Fig4){#f4-ijn-9-653}

![Long-term stability of mitoxantrone (MIT) in anacardic acid liposomes incubated at 4°C -- preliminary study. n=3.](ijn-9-653Fig5){#f5-ijn-9-653}

![The plasma stability of cholesterol liposomes (⋄) and anacardic acid liposomes (♦) loaded with mitoxantrone (MIT) via an ammonium ascorbate gradient. n=3.](ijn-9-653Fig6){#f6-ijn-9-653}

![Mitoxantrone (MIT) retention in anacardic acid (AA) liposomes (♦) at pH 5.0 (continuous line) and pH 7.4 (dashed line) and in cholesterol liposomes at pH 5.0 (⋄, continuous line). The difference between AA liposomes at pH 5.0 and 7.4 is statistically significant from 3 hours onwards.](ijn-9-653Fig7){#f7-ijn-9-653}

![Mitoxantrone (MIT) cytotoxicity for the A375 melanoma cell line 48 hours (**A**) and 72 hours (**B**) after the addition of the free drug or liposomes. Differences between vitamin C anacardic acid liposome (vit C AA lip) MIT and vit C cholesterol (CHOL) lip MIT and between ammonium sulfate (AS) AA lip MIT and AS CHOL lip MIT are significant for the entire range of MIT concentrations (*P*\<0.05).\
**Notes:** \*Other significant differences (*P*\<0.05). Detailed explanation in the text. n.6.](ijn-9-653Fig8){#f8-ijn-9-653}

![Mitoxantrone (MIT) cytotoxicity for the Hs294T melanoma cell line 48 hours (**A**) and 72 hours (panel **B**) after the addition of the free drug or liposomes. Differences between vitamin C anacardic acid liposome (vit C AA lip) MIT and vit C cholesterol (CHOL) lip MIT and between ammonium sulfate (AS) AA lip MIT and AS CHOL lip MIT are significant for the entire range of MIT concentrations (*P*\<0.05). Detailed explanation in the text. n.6.](ijn-9-653Fig9){#f9-ijn-9-653}

![Mitoxantrone (MIT) cytotoxicity for the normal human dermal fibroblast cell line 48 hours (**A**) and 72 hours (**B**) after the addition of the free drug or liposomes. Differences between vitamin C anacardic acid liposome (vit C AA lip) and ammonium sulfate (AS) AA lip MIT and between vit C cholesterol (CHOL) lip MIT and AS CHOL lip MIT are significant for the entire range of MIT concentrations, unless indicated otherwise (*P*\<0.05).\
**Notes:** \*Other significant differences (*P*\<0.05). Detailed explanation in the text. n=6.\
**Abbreviation:** ns, not significant.](ijn-9-653Fig10){#f10-ijn-9-653}

![Mitoxantrone (MIT) cytotoxicity for the normal human dermal fibroblast cell line 48 hours (**A**) and 72 hours (**B**) after the addition of the free drug or liposomes with the free drug.\
**Notes:** \*Significant differences (*P*\<0.05). Detailed explanation in the text. n.3.\
**Abbreviations:** vit, vitamin; lip, liposomes; AS, ammonium sulfate; CHOL, cholesterol.](ijn-9-653Fig11){#f11-ijn-9-653}

###### 

Liposome composition: molar ratios are given

  Liposomes        HSPC   CHOL   DSPE-PEG~2000~   AA
  ---------------- ------ ------ ---------------- ------
  CHOL liposomes   0.55   0.40   0.05             --
  AA liposomes     0.55   0.35   0.05             0.05

**Abbreviations:** HSPC, hydrogenated soy phosphatidylcholine; CHOL, cholesterol; DSPE-PEG, 1,2-distearoyl-*sn*-glycero-phosphoethanolamine-*N*-(poly\[ethylene glycol\]2000); AA, anacardic acid.

###### 

Characteristics of the tested formulations (n=3)

  Formulation      Size (nm)   PDI           Zeta potential (mV)   D/L (molar)   EE (%)
  ---------------- ----------- ------------- --------------------- ------------- -----------
  CHOL liposomes   112±4       0.036±0.004   −0.87±0.39            0.2           100.6±2.7
  AA liposomes     112±3       0.041±0.003   −4.31±0.49            0.2           99.5±3.5

**Abbreviations:** CHOL, cholesterol; AA, anacardic acid; PDI, polydispersity index; D/L, drug-to-lipid ratio; EE, encapsulation efficiency.
